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ABSTRACT 
We report sensitive detection of the nuclear quadrupolar interaction of the 14N nuclear spin of the 
nitrogen-vacancy (NV) center using the electron spin echo envelope modulation technique. We applied a 
weak transverse magnetic field to the spin system so that certain forbidden transitions became weakly 
allowed due to second-order effects involving the nonsecular terms of the hyperfine interaction. The weak 
transitions cause modulation of the electron spin-echo signal, and a theoretical analysis suggests that the 
modulation frequency is primarily determined by the nuclear quadrupolar frequency; numerical 
simulations confirm the analytical results and show excellent quantitative agreement with experiments. 
This is an experimentally simple method of detecting quadrupolar interactions, and it can be used to study 
spin systems with an energy structure similar to that of the nitrogen vacancy center. 
 
PACS: 76.70.Hb, 76.60.Es, 76.60.Lz, 81.05.ug , 61.72.jd  
 
2 
 
I. INTRODUCTION 
Recently, NV centers in diamond have drawn much attention for applications ranging 
from physics to biology, owing to their favorable optical and spin properties. High spin 
polarization to the ms = 0 state at room temperature via optical pumping,1 convenient optical 
read-out of the spin states via spin-state dependent fluorescence detection, and long electron-spin 
coherence time of milliseconds2 at room temperature offer opportunities for using NV centers as 
a sensitive detector or in spin-based quantum information technologies.3–10 Here we report the 
detection of the nuclear quadrupolar interaction of the 14N nuclear spin associated with NV 
centers. 
The interaction of nuclei with the local electric field gradient can provide information 
about orbital electron states, and so the nuclear quadrupole coupling constant is often used to 
study bond hybridization, degree of covalency, and orbital population in molecules that have a 
nucleus of angular momentum I ≥ 1.11,12 It can also be used as a fingerprint of target molecules in 
narcotics and explosives,13,14 due to the strong dependence of the quadrupole coupling constant 
on the electronic environment.11,15–17 Several techniques are used to measure nuclear quadrupolar 
interactions. For instance, nuclear magnetic resonance (NMR) spectroscopy is used to measure 
the quadrupolar coupling  in cases where it is a small perturbation to the much larger Zeeman 
interaction.12 For atoms with a large atomic number, however, the quadrupolar coupling can be 
comparable to or larger than the nuclear Zeeman interaction inside a high-field NMR 
spectrometer. In this case, nuclear quadrupole resonance (NQR) in low magnetic field or near-
zero magnetic field18–20 can be used to measure “pure quadrupole resonance.”  In NQR, a RF 
excitation pulse is applied at a frequency resonant with a transition of the quadrupolar 
Hamiltonian, resulting in a linearly oscillating FID-like signal. However, at near-zero magnetic 
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fields, the thermal polarization at room temperature is very low because HQ/kT is small.  NQR 
measurements therefore often require ultrasensitive detectors, such as superconducting quantum 
interference devices21 or vapor cell magnetometers.22 
Alternatively, electron spin echo envelope modulation (ESEEM)23 has been used on 
photo-excited triplet states of certain molecular crystals to measure nuclear quadrupole coupling 
constants and/or hyperfine coupling constants.19,24,25 In a magnetic field applied parallel to the 
electron-spin quantization axis, the anisotropic terms of the hyperfine interaction, such as 
z zx xS A I , give different nuclear-spin eigenstates for different states of the electron spin. A 
transition of the electron spin projects the nuclear spin onto a different set of eigenstates, and as a 
result, the envelope of the electron spin echo is modulated at frequencies determined by the 
hyperfine interaction, the nuclear quadrupolar interaction, and the nuclear Zeeman interaction.26 
The 14N nuclear spin associated with NV center, however, does not induce any 
modulation in the electron spin-echo envelope when a magnetic field is applied parallel to the 
NV quantization axis. This is because the quantization axis of the 14N nuclear spin is parallel to 
the NV quantization axis, and the nuclear spin eigenstates are independent of the electron spin 
state, so any effect of the frequency shifts due to interactions involving the nuclear spin is 
completely removed by the spin echo. Other more elaborate techniques, such as optically 
detected Raman heterodyne NMR or optically detected Raman heterodyne electron nuclear 
double resonance (ENDOR) have therefore been employed to extract the nuclear quadrupole 
coupling constant from the dependence of the spectral peaks on magnetic field strength (~1000 G) 
and orientation.27,28 
For the experiments reported here, we applied a small transverse magnetic field 
perpendicular to the NV quantization axis and observed modulations in the echo envelope of the 
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NV electron spin, as shown in Fig. 1. The theoretical model described below shows that the 
transverse magnetic field mixes electron spin states, which in turn leads to mixing between 
product states of the electron and nuclear spin due to the hyperfine interaction terms S I+ −  and 
S I
− + .  This mixing of product states, which is a second-order effect involving two nonsecular 
terms in the Hamiltonian, causes certain forbidden transitions to become weakly allowed. In 
general, forbidden transitions lead to modulation of the electron spin-echo envelope,23 and the 
simulations described below confirm that under our experimental conditions, the nuclear 
quadrupolar Hamiltonian determines the modulation frequencies.  
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FIG. 1. (Color online) Optically detected ESEEM of the NV center in diamond. Solid lines 
represent experimental results (circle or square markers are used only for the purpose of figure 
legends), and dashed lines represent simulation results. An external magnetic field of 75 G was 
applied along the NV axis (θ = 0o) or perpendicular to the NV axis (θ = 90o). Modulation of the 
exponential decay for θ = 90o is due to the 14N nuclear quadrupolar coupling of the NV center. 
The inset shows the experimental result for the CPMG pulse sequence with ten pi pulses when 
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the magnetic field is orientated at θ = 90o.  
 
II. ODESR EXPERIMENTS WITH THE NV CENTER 
Optically detected electron spin resonance (ODESR) was employed to measure the 
coherence decay of the NV center using the Hahn echo pulse sequence23,29 or the Carr-Purcell-
Meiboom-Gill (CPMG) pulse sequence30,31 in the presence of a static magnetic field of ~75 G, 
applied perpendicular to the NV axis. A diamond sample with an estimated NV concentration of 
~ 5 ppm and a nitrogen concentration of < ~100 ppm was mounted on a printed circuit board, 
and a MW field was applied using a small loop (~1.5 mm in diameter) fabricated on a printed 
circuit board. The MW frequency was matched to the transition frequency between two electron 
states (denoted by | zψ 〉  and | yψ 〉  in Sec. III). The NV center was optically excited by a 532-
nm laser, and the fluorescence signal was detected by an avalanche photo diode. The detailed 
experimental procedure for ODESR is described elsewhere.5,32 
The NV center in diamond consists of a substitutional nitrogen atom at a carbon lattice 
site and a vacancy adjacent to the nitrogen atom, as shown in Fig.2. The negatively charged NV 
center has electron spin S = 1 in the ground state with ms = 0 and ms = ±1 sub-levels that are 
separated by a zero-field splitting of 2.87 GHz that characterizes the spin-spin interactions.33–35 
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FIG. 2. (Color online) Illustration of the negatively charged NV center in diamond. The blue 
sphere with a blue arrow represents the 14N nuclear spin, and the light gray sphere with a gray 
arrow at the vacancy represents the NV electron spin. The green arrow represents the z 
component of the electric field gradient at the 14N nuclear site. Dark gray spheres represent 
carbon atoms in the diamond lattice. The red arrow represents the external magnetic field along 
the x axis.  
 
ESEEM has previously been studied for NV centers in diamond with natural-abundance 
(~1.1%) 13C nuclei and low (of the order of part per billion) 14N impurities.  Under these 
conditions, the envelope modulation of electron spin-echo signals is frequently dominated by the 
strongly coupled 13C nuclear spins that are randomly distributed in the diamond lattice. 36,37 Due 
to the anisotropic hyperfine interaction between NV centers and neighboring 13C nuclear spins, 
the electron spin-echo signal shows modulation even in a magnetic field applied along the NV 
quantization axis, and the modulation becomes complicated owing to the position-dependent 
modification of the g-factor for the neighboring 13C nuclei when misalignment of the magnetic 
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field from the NV axis enhances mixing of electron and nuclear spin states.37–39 
In contrast to the hyperfine interaction with 13C, the hyperfine interaction with the 14N 
nuclear spin of the NV center is almost isotropic and has principal axes parallel to the NV axes.40 
Nuclear-spin mixing within manifolds defined by a given eigenstate of the electron spin is 
generally suppressed due to the large quadrupolar interaction (~5 MHz) that is also parallel to the 
NV quantization axis.41 Therefore, modulation associated with the 14N nuclear spin of the NV 
center has not been observed in the spin-echo envelope. 
However, a weak transverse magnetic field (~75 G) can induce mixing in the electron 
spin states, and we show below that as a result, non-secular terms of the hyperfine interaction 
enable forbidden transitions that cause modulation of the spin-echo envelope at the 14N 
quadrupolar frequency.  Although the Zeeman interaction with a weak transverse field is still a 
small perturbation to the large zero-field-splitting Hamiltonian (~1000 G) of the NV center, the 
mixing of electron spin states induced by the Zeeman interaction is accompanied by mixing of 
product states induced by the hyperfine interaction. The forbidden transitions that prevent 
complete refocusing by a MW pi pulse in a spin echo are due to this mixing of product states, a  
second-order effect involving the transverse field as well as the nonsecular terms of the hyperfine 
interaction. 
 
III. THEORY 
The spin Hamiltonian of the NV center is33,40 
ZFS B Q HFH H H H H= + + + ,     (1) 
where  
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( ) ( )2 2 2ZFS 1 / 3z x yH D S S S E S S = − + + −  ,   (1a) 
B 0 0e NH B S B Iγ γ= ⋅ − ⋅ ,     (1b) 
( )2Q 1 / 3zH P I I I = − +  ,    (1c) 
( )HF HF HF / 2z zH S I H H A S I A S I S I⊥ ⊥ + − − += ⋅ ⋅ = + = + + A .  (1d) 
In Eqns. (1a) through (1d), / 2D pi = 2870 MHz and / 2E pi = ~2.75 MHz (sample dependent) 
are zero-field splitting parameters of the NV center, / 2P pi = -5.04 MHz is the nuclear 
quadrupole coupling,40 eγ  is gyromagnetic ratio of the NV electron spin, Nγ  is the 
gyromagnetic ratio of the 14N nuclear spin, and A is the hyperfine tensor with / 2A pi = 2.3 MHz, 
/ 2A pi⊥ = 2.1 MHz. The energy level diagram for the NV center in the presence of a transverse 
magnetic field of 75 G along the x axis is shown in Fig. 3. 
 
FIG. 3. Energy level diagram for the NV center in diamond in the presence of a transverse 
magnetic field of 75 G along the x-axis. The Hamiltonian HZFS is responsible the zero-field 
splitting of the NV center, HB governs the Zeeman interaction, HQ governs the quadrupolar 
interaction, and HHF governs the hyperfine interaction. Approximate energy eigenstates are 
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indicated next to the corresponding energy levels, where | xψ 〉 , | yψ 〉  and | zψ 〉  are electron 
spin states, while | xφ 〉 , | yφ 〉  and | zφ 〉  are nuclear spin states.  On the right side of the figure, 
the product state making the dominant contribution to each energy eigenstate is shown.  
Allowed (solid arrows) and forbidden (dashed arrows) spin transitions are also shown. 
 
For qualitative analysis, let us first consider a spin Hamiltonian where the hyperfine 
interaction HHF  has been turned off in Eq. (1d). In the presence of a weak transverse external 
magnetic field B0 along the x-axis, the energy eigenstates of the electron spin are approximately 
 
(0)|  | 0z smψ 〉= = 〉 ,    (2a) 
( )(0) 12|  | 1   | 1x s sm mψ 〉= − = + 〉+ = − 〉 ,    (2b) 
( )(0) 2|  | 1  | 1iy s sm mψ 〉= = + 〉+ = − 〉 ,   (2c) 
and the nuclear eigenstates are approximately 
(0)|  | 0z nmφ 〉= = 〉 ,    (2d) 
( )(0) 12|  | 1   | 1n nx m mφ 〉= − = + 〉+ = − 〉 ,   (2e) 
( )(0) 2|  | 1   | 1iy n nm mφ 〉= = + 〉+ = − 〉 .   (2f) 
 
(Note that states with subscript x, y, or z are eigenstates of the corresponding Cartesian spin 
operators.) In Eqns. (2a) through (2f), the superscript indicates that these states are zero-order 
approximations that do not include mixing of electron spin states separated by the zero-field 
splitting D or nuclear spin states separated by the quadrupole coupling P.  The mixing due to 
the Zeeman interaction, neglected in these zero-order approximations, is represented by 
coefficients ~ 0eB Dγ  for electron spins and ~ 0N B Pγ  for the nuclear spin. 
A transverse magnetic field of ~75 G together with the E splitting separates the energies 
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of the electron spin eigenstates (0)| yψ 〉  and (0)| xψ 〉  by ~20 MHz. We studied only the transitions 
associated with states (0)| zψ 〉  and (0)| yψ 〉  due to a resonant MW pi/2 pulse of 50 ns; for 
simplicity, our analysis neglects possible off-resonant effects involving the state (0)| xψ 〉 . In 
addition to causing shifts in the energy, the transverse field induces small but non-negligible 
mixing of states (0)| zψ 〉  and (0)| yψ 〉 , such that the electron spin eigenstates can be approximated 
as 
(0) (0)| | |z z yψ ψ δ ψ〉 ≈ 〉+ 〉 and ' (0) (0)| | |zy yψ δ ψ ψ〉 ≈ 〉+ 〉 with mixing coefficients 
'
0 0.07e B Dδ δ γ≈ ≈ ∼ .  At the same level of approximation, the nuclear spin eigenstates are 
(0)| |z zφ φ〉 ≈ 〉  and (0), ,| |x y x yφ φ〉 ≈ 〉 , since 0N B Pγ  is an order of magnitude smaller than 0eB Dγ . 
The electron spin state | xψ 〉  can be identified with (0)| xψ 〉 , which is an eigenstate of the 
Hamiltonian representing the Zeeman interaction with the transverse field.  Note that in the 
notation for states | yψ 〉  and | zψ 〉 , we retain the subscripts used for the corresponding zero-
order states, in spite of the fact that these mixed electron states are not eigenstates of Cartesian 
spin operators. 
Turning on the term proportional to z zS I   in the hyperfine interaction causes mixing 
between product states | |y xψ φ〉 〉  and | |x yψ φ〉 〉 , as well as between | |y yψ φ〉 〉  and | |x xψ φ〉 〉 .  
In particular, the states | |y xψ φ〉 〉  and | |y yψ φ〉 〉  that participate in resonant transitions are 
replaced by | | | |y x x yψ φ ε ψ φ〉 〉 + 〉 〉  and '| | | |y y x xψ φ ε ψ φ〉 〉 + 〉 〉 , respectively, where the 
coeffecients ε  and 'ε  represent mixing due to the hyperfine interaction.  The forbidden 
transitions enabled by this mixing cause modulation of the spin-echo envelope.  For example, 
the transition | |   | |z y y xψ φ ψ φ〉 〉 ↔ 〉 〉  is forbidden by the selection rules for the MW field 
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because of the change in the nuclear spin state, but the transition 
( )| |   | | | |z y y x x yψ φ ψ φ ε ψ φ〉 〉 ↔ 〉 〉 + 〉 〉 is weakly allowed.  The transition 
( )'| |   | | | |z y y y x xψ φ ψ φ ε ψ φ〉 〉 ↔ 〉 〉 + 〉 〉  is also allowed, and so a MW pi/2 pulse creates a 
coherence between |  |z yψ φ〉 〉  and a linear combination of the states |  | |  |y x x yψ φ ε ψ φ〉 〉+ 〉 〉  
and '|  | |  |y y x xψ φ ε ψ φ〉 〉+ 〉 〉 .  The evolution of this linear combination causes modulation in the 
spin-echo envelope.  Since the nuclear spin states states | xφ 〉  and | yφ 〉  have the same energy 
under the quadrupolar Hamiltonian, however, the energy difference between states  
|  | |  |y x x yψ φ ε ψ φ〉 〉+ 〉 〉  and '|  | |  |y y x xψ φ ε ψ φ〉 〉+ 〉 〉  is small, and the envelope modulation 
occurs at very low frequencies. 
Now let us consider how the eigenstates change when ( )HFH A S I S I⊥ ⊥ + − − += +  is also 
included in the spin Hamiltonian.  In the basis of product states |  |j kψ φ〉 〉 , the largest matrix 
elements  of HFH ⊥  have magnitude ~ , and these cause mixing between pairs of product 
states for which the electron is in distinct spin states, e.g. |  |y zψ φ〉 〉  and |  |z yψ φ〉 〉 . The 
operator  also has smaller matrix elements of magnitude ~  that mix 
|  |y yψ φ〉 〉  and |  |y zψ φ〉 〉  as well as |  |z yψ φ〉 〉  and |  |z zψ φ〉 〉 , due to the fact that | zψ 〉  and 
| yψ 〉  are each a mixture of (0)| zψ 〉  and (0)| yψ 〉 .  The larger matrix elements of HFH ⊥   
involve states separated by the large zero-field splitting (2870 MHz) and thus introduce 
negligible mixing ~ A D⊥ , but mixing due to the smaller matrix elements cannot be neglected, 
since the states are separated only by the nuclear quadrupolar frequency (~5 MHz).  In 
particular, the mixing of states separated by the quadrupolar frequency is ~ ( )0eB A D Pγ ⊥⋅ ⋅ , 
A⊥
HFH ⊥ 0e B A Dγ ⊥⋅
12 
 
while the mixing of states separated by the zero-field splitting is smaller by a factor of ~40. Note 
that the significant mixing of states is a second-order effect that depends on two nonsecular terms 
in the Hamiltonian.  
A resonant MW field induces allowed transitions (marked as solid arrows in Fig. 3) but 
also causes additional forbidden transitions (marked as dashed arrows in Fig. 3), due to this 
second-order effect. The spin coherences that develop as a result of the forbidden transitions 
involve linear combinations of energy eigenstates that have the nuclear spin in different 
eigenstates of the quadrupolar Hamiltonian, and the spin-echo envelope is modulated at the 
quadrupolar frequency because of the evolution of these linear combinations.  The coherences 
are not fully refocused by the MW pi pulse unless the period of free evolution that precedes the pi 
pulse allows for an integral number of oscillations at the quadrupolar frequency. 
 
IV. RESULTS AND DISCUSSIONS 
 For quantitative analysis, numerical simulations were carried out using the density 
matrix formalism. The spin Hamiltonian shown in Eq. (1) was first numerically diagonalized. 
Simulations were performed in an interaction frame where the large energy differences were 
removed from the diagonalized Hamiltonian. The time-dependent Hamiltonian ( )1 Cose xB S tγ ω⋅ , 
which represents a resonant MW field with frequency ω and amplitude B1 directed along the x-
axis, was first represented in the energy eigenbasis and then transformed into this interaction 
frame for simulation of the pulses. 
The population of the electron spins after optical polarization was assumed to be in state 
| 0sm = 〉 . After the MW pi/2 pulse, spin coherences freely evolve under the interaction-frame 
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Hamiltonian during t = 2τ, with a pi pulse applied at t = τ.  Αt t = 2τ, another pi/2 pulse is 
applied to convert coherences to populations, and the ESEEM signal for each τ is obtained from 
the resulting population in state | 0sm = 〉 . 
For numerical simulations, we used parameters corresponding to the experimental 
conditions: E/2pi = 2.75 MHz, B0 = 75 G, 1 2eBγ pi = 5.00 MHz. Coherence decay due to the 
various spin-spin relaxation processes was phenomenologically included in the simulation. As 
shown in Fig. 1, the simulations showed excellent agreement with experimental results. When 
the magnetic field was applied along the x-axis, perpendicular to the NV axis, observable 
modulation appeared in the ESEEM signal. No modulation was observed when the magnetic 
field was applied along the z axis, parallel to the NV quantization axis. The simulated 
modulation depth (~4%) of the ESEEM signal also showed excellent agreement with 
experimental data. When a CPMG pulse sequence with 10 pi pulses was employed in the 
experiments, this modulation was amplified, as shown in the inset of Fig. 1. 
The frequency spectra shown in Fig. 4 were obtained by taking the Fourier transform of 
the experimental and simulation data after exponential decay was subtracted from the data.  
(The result of subtracting the exponential decay is shown in the inset of Fig. 4.) The 
experimental spectrum acquired with the Hahn spin-echo sequence showed excellent quantitative 
agreement with the simulated spectrum at ~5 MHz. Simulation and experimental data also 
showed a spectral peak at ~10 MHz, consistent with the fact that ESEEM gives envelope 
modulation at frequencies 0ω , ω+ , 0ω ω+− , and 0 ,ω ω++  where 0ω  and ω+ stand for the 
transition frequencies of the nuclear spin associated with the electron spin states | zψ 〉  and 
| yψ 〉 , respectively.26  
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FIG. 4. (Color online) Fourier-transform spectra of the ESEEM signal of the NV center in an 
external magnetic field of 75 G applied perpendicular to the NV axis.  Solid lines with circles or 
squares represent experimental data obtained using the Hahn echo (HE) pulse sequence or the 
CPMG pulse sequence, respectively. The dotted line with triangles represents a simulation that 
used the Hahn echo pulse sequence. The inset shows the ESEEM signal after the exponential 
decay was subtracted.  
 
 
It was confirmed in the simulation that HFH ⊥  is responsible for the electron-nuclear 
mixing, since the modulation disappeared when A⊥  was set to zero. It was also confirmed that 
the frequencies of modulation changed linearly with the quadrupole coupling frequency. Under 
our experimental conditions, the modulation frequencies of the spin-echo envelope are primarily 
determined by the quadrupolar interaction of the 14N nuclear spin. The energy eigenstates 
responsible for the modulation can be approximated as product states in which the nuclear spin is 
in an eigenstate of the quadrupolar Hamiltonian QH , and QH  makes the dominant contribution 
to the energy differences that determine the modulation frequencies; in particular, the 
contribution form the hyperfine interaction and the Zeeman interaction is less than 1 % of the 
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contribution of the quadrupolar interaction. 
Other frequency components in the experimental data could originate from the hyperfine 
interactions with neighboring 13C nuclei in the diamond lattice. We note that the modulation 
frequencies due to the hyperfine interaction with 13C nuclei could be greatly modified from the 
secular term Azz of the hyperfine interaction, since the net contribution of the hyperfine 
interaction to transition frequencies is a function of magnetic field strength and orientation when 
a static magnetic field is misaligned from the NV quantization axis. This has been well studied in 
the literature and is not a focus of our discussion.26,37,38  
In our method, the frequency shift of the ESEEM signal due to the Zeeman Hamiltonian 
is less than ~1 %, so the measurement of the quadrupole interaction does not require a highly 
accurate measurement of the applied field. The accuracy of our measurement method is currently 
limited by the NV spin coherence time, since the oscillation due to the quadrupole interaction is 
indirectly measured by observation of the electron spin coherence. Therefore with a high-purity 
diamond sample that has a lower concentration of NV centers and 14N impurities, the 
measurement accuracy can be improved.  
Finally, we also note that the spin coherence time was enhanced by a factor of ~2, when 
the magnetic field was oriented perpendicular to the NV quantization axis, as shown in Fig. 1. 
This was attributed to the fact that the effective noise amplitude can be renormalized by the 
combined effect of the transverse magnetic field and the zero-field splitting parameters, as 
discussed in our recent paper.42 
 
V. CONCLUSION 
 We reported optical detection of the 14N nuclear quadrupole coupling in the NV center 
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by employing ESEEM techniques in the presence of a transverse magnetic field. Numerical 
simulations and a theoretical model showed excellent agreement with experimental results. By 
applying a small magnetic field of 75 G perpendicular to the NV quantization axis, we modified 
the symmetry of the spin system. The 14N nuclear quadrupole coupling, which is normally 
undetectable in spin-echo experiments with the NV center, modulated the spin-echo envelope as 
a result of forbidden transitions associated with second-order mixing involving two nonsecular 
terms in the Hamiltonian. Although other techniques such as optically detected Raman 
heterodyne ENDOR and optically detected Raman heterodyne NMR have been employed to 
detect the quadrupolar interaction, our technique is experimentally much simpler. In principle, 
this technique can be used to map out the hyperfine tensor and/or the nuclear quadrupole 
coupling tensor of a spin system with a similar energy structure.24 
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